Anthocyanins are the key factors controlling the coloration of plant 25 tissues. However, the molecular mechanism underlying the effects of 26 environmental pH on the synthesis of apple anthocyanins is unclear. 27 In this study, we analyzed the anthocyanin contents of apple calli 28 cultured in media at different pHs (5.5, 6.0, and 6.5). The highest 29 anthocyanin content was observed at pH 6.0. Additionally, the 30 moderately acidic conditions up-regulated the expression of 31 MdMYB3 as well as specific anthocyanin biosynthesis structural 32 genes (MdDFR and MdUFGT). Moreover, the anthocyanin content 33 was higher in calli overexpressing MdMYB3 than in the wild-type 34 controls at different pHs. Yeast one-hybrid assay results indicated 35 that MdMYB3 binds to the MdDFR and MdUFGT promoters in 36 vivo. An analysis of the MdDFR and MdUFGT promoters revealed 37 multiple MYB-binding sites. Meanwhile, electrophoretic mobility 38 shift assays confirmed that MdMYB3 binds to the MdDFR and 39 MdUFGT promoters in vitro. Furthermore, GUS promoter activity 40 assays suggested that the MdDFR and MdUFGT promoter activities 41 are enhanced by acidic conditions, and the binding of MdMYB3 42 may further enhance activity. These results implied that an 43 acid-induced apple MYB transcription factor (MdMYB3) promotes 44 anthocyanin accumulation by up-regulating the expression of 45 MdDFR and MdUFGT under moderately acidic conditions. 46 47 65 temperatures, hormones, high irradiance, sugar, and pH [10-14].
Introduction 48
Anthocyanins are water-soluble natural pigments that are widely 49 distributed in plants. They are responsible for the diverse colors 50 observed in plant tissues and organs, and are important antioxidants 51 [1, 2] . Their potential antioxidant activities help to protect plants 52 from oxidative damage and have useful health-related benefits for 53 humans [3] . 54 Anthocyanins are synthesized in a distinct branch of the flavonoid 55 biosynthetic pathway that has been well characterized in plants [4] . 56 In addition to the anthocyanin biosynthesis genes, R2R3 MYB Supplementary Table S1 . The MdActin gene was used as 143 the internal control. The data were analyzed by the 2 −ΔΔCt method.
144
Transformation of the red-fleshed apple callus Gene-specific primers were designed to prepare a construct for the 146 overexpression of MdMYB3 (described in Supplementary Table S1) .
147
The open reading frame was incorporated into the pRI101-AN 148 vector (Takara, Otsu, Japan), which was then inserted into considerably in response to various pH levels (Fig. 1 ). The highest 198 anthocyanin content was observed at pH 6.0, and resulted in reddish calli ( Fig. 1 ).
200
Effects of pH on the expression of anthocyanin biosynthesis genes 201 We investigated whether the changes in anthocyanin contents 202 induced by different pH levels were reflected at the transcript level. The red-fleshed apple calli overexpressing MdMYB3 changed from 218 red to dark red ( Fig. 4A ), which may have been associated with the 219 observed significant increase in anthocyanin content (Fig. 4B) , when 220 the pH was 5.5, 6.0, and 6.5. The changes in the cyanidin 221 3-O-galactoside content of transgenic calli exposed to various pH 222 levels are described in Table 1 . Additionally, the expression levels of 223 structural genes (MdDFR and MdUFGT) and TF genes (MdMYB3,
224
MdMYB10, and MdMYB11) were higher in the transgenic calli than 225 in the WT calli (Fig. 5) . These results suggested that MdMYB3 MdMYB3 can specifically recognize these promoters (Fig. 6C ).
242
Additionally, our GUS activity analysis indicated that moderately 243 acidic conditions increased the activity of the MdDFR and MdUFGT 244 promoters, and the binding of MdMYB3 to these promoters further 245 enhanced activity (Fig. 6D) . Therefore, we speculated that 246 MdMYB3 promotes anthocyanin accumulation by directly 247 regulating the expression of these genes. 
